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Abstract

Introduction

Candida albicans is a fungus that commonly infects
the mucosa! surface of humans. The hyphal growth
form of this fungus may initiate the primary invasion of
the host. Here we show that hyphae respond thigmotropically and morphologically to cues such as the presence of a surface, pores, grooves and ridges. Growth
on some firm surfaces elicits a helical growth response.
Hyphae follow grooves and ridges of inert substrates and
penetrate pores of filtration membranes. Our in vitro
experiments suggest that thigmotropism may enhance the
ability of a hypha to invade epithelia of a host at sites of
weakened integrity.

Candida albicans is the most common fungal pathogen of humans. A wide range of disease forms are recognised from superficial infections of the mucosa (yeast
infection, thrush), skin and nails, to deep-seated, potentially lethal infections of the vital organs. As many as
50 % of healthy individuals carry C. albicans harmlessly
as a natural part of the commensal microflora. Candida
infections are generally opportunistic, occurring at times
of endogenous or induced weakened immunity. Septicaemia leading to serious life-threatening conditions is
restricted to severely immuno-compromised patients, for
example those suffering from neutropenia or AIDS and
those undergoing organ transplantation or cancer chemotherapy.
The fungus is structurally dimorphic: able to grow
by budding as a unicellular yeast reminiscent of Saccharomyces cerevisiae or in a filamentous hyphal form typical of mycelial fungi. The hyphal form, which grows
by apical extension, is thought to enable the fungus to
penetrate the epithelium and thereby initiate infection
(Odds, 1988; Cutler, 1991). The regulation of dimorphism and the cell biological properties of the growing
hyphae of this organism are therefore of considerable
clinical significance.
We have shown that the growth of hyphae of C.
albicans can be guided by changes in the underlying
surface contours, e.g., by penetrating pores (Sherwood
et al., 1992) and that helical hyphae are formed when
growth occurs on a surface (Sherwood-Higham et al.,
1994). Contact guidance (thigmotropism) is a well
known property of the growth of neurons, plant roots
and other cells and tissues that grow in intimate association with surfaces. Certain fungal plant pathogens are
also known to use surface features of leaves and stems
to orientate the fungus towards infectable sites such as
stomata (Hoch et al., 1987; Read et al., 1992; Gow,
1993). Our aim is to provide a detailed analysis of the
characteristics of C. albicans hyphae which are relevant
to pathogenicity. In this paper, we summarise in vitro
microscopical evidence that C. albicans employs
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before they were placed pattern-side-up on the agar prior
to inoculation. This procedure provided sufficient carryover of nutrients from the agar to support growth of the
hyphae on the non-porous polystyrene membrane. Cultures were incubated at 37°C.

thigmotropism to orient hyphae. We suggest that this
may be relevant to tissue penetration in vivo.

Materials and Methods
Organism and growth media

Light microscopy

Candida albicans Robin (Berkhout) strain 3153 was
obtained from the London Mycological Reference Laboratory and was the principal strain employed in this
study. Other strains were used elsewhere to verify that
helical growth occurred in a variety of clinical and laboratory strains (Sherwood-Higham et al., 1994). Hyphal
development was induced by inoculating yeast cells from
an overnight culture in Sabouraud's medium (40 g/1 mycological peptone, 10 g/1 glucose) onto an agar medium
incorporating 20 % (volume/volume, v /v) newborn or
foetal calf serum at 37°C. This solid medium was
overlaid with various membranes as described below.

Cultures were photographed directly using phase
contrast microscopy and an Olympus BH2 microscope
equipped for phase contrast microscopy. All measurements of wavelengths and amplitudes of helical hyphae,
and contact angles between hyphae and grooves or
ridges, were made using an image analysis system
described by Gray and Morris (1992).

Scanning electron microscopy (SEM)
After incubation of hyphal cultures, the membranes
were lifted from the underlying agar and immersed in a
fixative containing 2.5 % (v/v) glutaraldehyde and 2.5
mM MgC12 in 0.89 M phosphate buffer, pH 7.2 for 2
hours at room temperature. After washing in 0.1 M
phosphate buffer, pH 7.2, they were post-fixed in 1 %
(weight/volume, w/v) OsO 4 for 1 hour. They were then
washed in distilled water, dehydrated through a graded
series of ethanol solutions and critical point dried in
CO2 . Pieces of membrane with attached mycelium were
mounted on stubs with colloidal silver adhesive and sputter-coated with 20 nm platinum. They were examined
in a JEOL JSM-35CF SEM operated at an accelerating
voltage of 12 kV. The SEM was equipped with a modified goniometer stage which facilitated exposure of
stereo-pair micrographs.

Nuclepore membranes
Yeast cells were grown in Sabouraud glucose medium at 25°C with shaking for 16 hours. An inoculum of
stationary phase cells was spread on top of sterile polycarbonate Nuclepore membranes (Eurosciences Ltd.,
Surrey, U .K.; pore size 5 µm, thickness 10 µm) that
had been placed on 20% (v/v) serum agar that was prewanned to 37°C (Sherwood et al., 1992). The germ
tubes that developed from yeast cells grew across the
filters and through the pores as described in the text.
Cultures were incubated for 24 hours before specimens
were fixed and examined by scanning electron microscopy (SEM).

Results

Cellophane membranes
Cellophane membranes were boiled in bicarbonate
buffer to remove plasticisers and then autoclaved between moist filter paper to sterilise them. The membranes were placed on serum-containing agar and yeast
cells were spread on the surface with a glass rod. Cultures were incubated at 37°C. Hyphae were observed
and photographed unfixed and alive in the light microscope and, after fixation as described _below, by the
SEM. Some membranes were scratched with sand paper
or emery paper then surface-sterilised with 70 % (v/v)
ethanol before they were inoculated.

Helical growth of hyphae grown on a cellophane
membrane
When yeast cells of C. albicans were inoculated
onto the surface of a cellophane membrane helical germ
tubes were formed with a wavelength of approximately
20 µm and an amplitude of approximately 5 µm (Fig.
1). Straight hyphae were formed in liquid medium of
the same composition and when completely embedded in
agar, showing that helicity was a direct result of growth
on a surface.

Polystyrene membrane replicas

Growth through pores in Nuclepore membranes

Polystyrene replicas of microfabricated silicon wafers that had been etched by photolithography (Hoch,
1993) were used to observe the response of C. albicans
to ridges of defined height. The replicas were provided
by H.C. Hoch (Cornell University, Geneva, N.Y.). The
membranes had a grid pattern with ridge heights ranging
between 0.18 and 3.16 µm. Polystyrene membranes
were inverted and the patterned side touched to the agar

Yeast cells were inoculated onto the upper surface
of a Nuclepore membrane overlying serum-agar. The
germ tubes, formed after 24 hours growth at 37°C,
grew initially along the upper surface. When a hypha
reached the lip of one of the pores, the hypha reoriented
and entered the pore on the upper side of the membrane
(Fig. 2a). Hyphae which appeared at first sight not to
be responding to the lips of pores were found by careful
706
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Figure 1. (a) Light micrograph and (b) scanning
electron micrograph of helical hyphae of C. albicans
growing on a cellophane membrane surface on serum
agar at 37°C. Bars = 100 µ.m (a); and 10 µ.m (b).

stereo-imaging to be growing above the plane of the
membrane. Hyphae grew through the membrane pores
and upon re-emergence grew between the lower membrane surface and the agar surface. These hyphae entered pores and grew away from the underlying agar if
they encountered another pore (Fig. 2b). This suggests
that the response was not due to chemotropism to nutrients, which, in any case, has not been observed for deuteromycete or ascomycete fungi. On the upper surface
emerging hyphae again grew along the membrane and
then re-entered pores with which they came into contact
(Fig. 2c). The helical growth form was less evident in
specimens grown on Nuclepore filters, perhaps due to
specimen shrinkage or because the hyphae were pulled
taught when the membrane was peeled off the agar (Fig.
2c).
When hyphae were observed growing over the edges
of steps the hyphae remained in close contact with the
surface (Fig. 3).

Figure 2. Scanning electron micrographs of hyphae of
C. albicans growing into the pores of a Nuclepore
membrane placed on serum-containing agar. (a) Upper
surface of the membrane with several hyphae entering
pores. (b) Underside of the membrane with adhering
fragments of agar debris; hyphae emerging on the
underside, growing along the interface between the
membrane and the agar and re-entering the pores to
grow upwards away from the agar surface. (c) Upper
side of the membrane showing a hypha emerging from
the lower surface and then re-entering a pore. The
hypha is stretched taught during preparation (see text).
Bars = 20 µ.m (a and b); and 10 µ.m (c).
Contact guidance by grooves and ridges
Yeast cells were inoculated onto cellophane membranes that had been scratched with sand-paper or emery
707
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Figure 3. Stereo-pair scanning electron micrographs
showing several yeast cells and a hypha of C. albicans
growing over the edge of a glass step. Bar = 10 µm.

Figure 5. Light micrograph of a hypha of C. albicans
following a ridge of 0.27 µm height on a polystyrene
replica membrane. Bar = 10 µm.
paper. Hyphal tips growing along the surface, which
encountered a scratch, became reoriented and proceeded
to grow along the base of the groove. The hyphal tips
were reoriented by scratches of a range of depths including superficial scratches less than the diameter of the
cells (Fig. 4a). In deeper channels, several hyphae were
frequently seen in parallel along the groove (Fig. 4b).
Those hyphae which appeared to cross over a groove
were frequently observed not to be in contact with the
membrane surface when viewed using stereo-imaging.

Figure 4. Scanning electron micrographs showing redirection of growth of a single hypha (a) and several
hyphae (b) of C. albicans in response to scratches in the
surface of a cellophane membrane. Bars = 5 µm (a)
and 10 µm (b).
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wall deposition. Helical growth may facilitate exploration and foraging of the hypha in its environment so that
it encounters a wider zone of influence during mycelial
development.
Thigmotropism may facilitate tissue penetration at
points of weakened integrity, for example at microscopic
wounds or in the crevices and invaginations between
epithelial cells. Epiphytic plant pathogens such as the
rust fungi which invade plant surfaces via the stoma employ a similar strategy (Hoch et al., 1987; Read et al.,
1992; Gow, 1993). In these fungi germ tube guidance
and germ tube differentiation to form the plant infection
structure are both influenced by the topography of the
plant surface. In addition, thigmotropism is a common
aspect of the growth of plant and animal cells that grow
on or through surfaces (Curtis and Clark, 1990). Thigmotropism by hyphae of C. albicans may confer analogous advantages in clinical situations such as in the
establishment of candidosis.

d
i

Figure 6. Diagram summarising examples of contactguidance and differentiation of C. albicans hyphae
growing on various surfaces. (a) Helical growth form
induced by growth on surfaces; (b) penetration of pores
in Nuclepore membranes; (c) guidance by scratches and
channels in a cellophane membrane; and (d) by ridges
on a polystyrene replica membrane.

Hyphae were also guided by ridges on polystyrene
replicas. Hyphae responded to ridges of a range of
heights between 0.18 and 3.16 µm and kept in close
contact with the junction of the base and wall of the
ridge (Fig. 5).
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Discussion

We have described four examples of touch-sensitive
responses by hyphae of C. albicans when grown on
membrane surfaces: helical growth, thigmotropism with
respect to the lips of pores of Nuclepore membranes,
and to grooves and ridges on a variety of inert membranes (Fig. 6). When the responses to ridges are quantified using image analysis, the hyphae are found to be
influenced by the ridge height and the angle of approach
(unpublished). We suggest that these properties of the
hyphal form of this human pathogen provide advantages
for the surface growth and invasion of human epithelia
which represent the natural substratum for this fungus.
In this view, the hyphal growth form is seen to be
adapted to life on a surface or within a tissue. This is
in accord with the putative role for hyphal growth in
establishing the primary penetration of human tissues
(Gow and Gooday, 1987).
Helical growth has been observed in vegetative
(e.g., Trinci et al., 1979; Kaminskyj and Heath, 1992),
aerial and reproductive hyphae of several fungi (e.g.,
Davidson and Gregory, 1937; Benjamin, 1959). Helical
growth of C. albicans was first described only recently
(Sherwood-Higham et al., 1994), who found that a
range of different surfaces stimulated helical growth and
that this was dependent on the temperature of incubation.
This growth form may occur due to rotation of the apex
during tip extension. The helical form was not evident
when the hyphae were growing in liquid culture suggesting that surface interactions alter the dynamics of cell
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J.E. Cutler: The authors suggest that thigmotropism, and
not chemotropism, accounts for the apparent 'preferred'
growth of hyphae through the polycarbonate membrane
pores. They base this on the observation that the hyphae
not only penetrate the pores in the direction of the underlying medium, but once the hyphae have penetrated to the
underlying membrane surface, as they continue to grow,
the hyphae will re-enter a pore and grow back through the
pore in a direction away from the medium. These observations do not rule out chemotropism as playing a role.
Perhaps the nutritional gradient was in place during the
first hours following the addition of yeast cells to the
upper membrane surface, but the gradient then dissipated
during hyphal developPJent on the lower membrane surface. Can the authors comment on this?
Authors: Chemotropism to nutrients (as opposed to sex
pheromones) has never been described in true fungi
[Gooday GW (1975). Chemotaxis and chemotropism in
fungi and algae. In: Primitive Sensory and Communicative
Systems. Carlile MJ (ed.). Academic Press, NY, pp 155204) and therefore is unlikely to be relevant here. In addition, in our experiments with Nuclepore membranes a few
inoculum yeast cells were present between the membrane
and the agar surface. Immediately after germ tube formation these grew through pores away from the agar towards
the upper membrane surface (see Fig. 5 in Sherwood et
al, 1992). Therefore if a nutritional gradient had existed
in the first hours then these hyphae ignored it.

Discussion with Reviewers
R. Vazquez: Is the helical growth form of C. albicans
that is induced on solid medium comparable with the curling effect observed in vitro for dermatophytes that have
been treated with griseofulvin?
Authors: Griseofulvin induces morphological changes by
disrupting the microtubules of the cytoskeleton of fungi.
Microtubules are thought to play an important role in hyphal growth of C. albicans [Akashi T, Kanbe T, Tanaka
K. (1994). The role of the cytoskeleton in the polarized
growth of the germ tube in Candida albicans. Microbiology 140, 271-280; Yokoyama K, Kaji H, Nishimura K,
Miyaji M. (1994). The role of microfilaments and microtubules during pH-regulated morphological transition in
Candida albicans. Microbiology 140, 281-287]. Speculatively, one could imagine that griseofulvin effects and
thigmotropism are both related to changes in the underlying cytoskeleton; however current opinion would emphasise the role of actin microfilaments in these processes
rather than microtubules.

J.E. Cutler: Is it not possible that all of these results are
based simply on relative adherence (avidity) of hyphae for
various surfaces? That is, direction of hyphal development is dictated entirely by available surface area for hyphal attachment; viz., a pore edge, a ridge, a concavity or
a scratched surface all provide more attachment surface
area that a smooth flat surface. If direction of hyphal development is guided by adherence properties, would this
still be considered thigmotropism?
Authors: Intimate contact and adherence to a surface
may be a prerequisite for thigmotropism. Thigmotropic
germ tubes of certain plant pathogenic species exhibit an
asymmetric 'nose-down' hyphal tip when growing on
plant surfaces suggesting that they are very tightly adhering to the substrate (see Fig. 3 of Read et al., 1992).
Thus, adherence of the tip region to the substratum may
be critical for contact sensing. In this respect adherence
and thigmotropism are related phenomena. This argument
suggests that helical growth, which is induced by the presence of a surface, may involve sensing of the surface, but
not require continuous tight adherence to it. Thus, the
sensing of and the subsequent response to a surface may
be separable phenomena.

J.E. Cutler: The authors conclude, "Growth on a firm
surface elicits a helical response". This conclusion was
based on hyphal development on cellophane (Fig. 1) as
compared to non-helical development of hyphae in broth.
Helical development was not, however, al?Parent when hyphae were grown on rough surfaces (Fig. 4) or when their
development followed ridges on polystyrene (Fig. 5).
These data seem to indicate that helical development occurs only on a smooth flat surface. If this interpretation
is correct, helical hyphae would not be expected to occur
in vivo. Do the authors have evidence that helical hyphae
develop in vivo?
Authors: No, although we have not examined infected
tissue samples; we are not aware of any published micrographs showing helical hyphae in vivo. We have observed
helical hyphae grown on agar, agarose, gellan, glass and
Cellophane. Helicity may be lost, or less evident, due to
distortions occurring during preparation for SEM. We
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